The rich diversity of primate faces has interested naturalists for over a century. Researchers have long proposed that social behaviours have shaped the evolution of primate facial diversity. However, the primate face constitutes a unique structure where the diverse and potentially competing functions of communication, ecology and physiology intersect, and the major determinants of facial diversity remain poorly understood. Here, we provide the first evidence for an adaptive role of facial colour patterns and pigmentation within Neotropical primates. Consistent with the hypothesis that facial patterns function in communication and species recognition, we find that species living in smaller groups and in sympatry with a higher number of congener species have evolved more complex patterns of facial colour. The evolution of facial pigmentation and hair length is linked to ecological factors, and ecogeographical rules related to UV radiation and thermoregulation are met by some facial regions. Our results demonstrate the interaction of behavioural and ecological factors in shaping one of the most outstanding facial diversities of any mammalian lineage.
INTRODUCTION
Faces have evolved in many social lineages as complex and variable structures that must satisfy multiple functional demands [1] [2] [3] . Faces constitute complex phenotypes because they integrate numerous parts (eyes, nose, ears, patches of skin and hair, etc.) that differ in characteristics such as embryological origin, function, location, size, colour and shape. These elements may all contribute to the striking diversity of facial colour patterns found in living primates. In Neotropical primates, faces range from having very simple colour patterns such as those of uakaris (Cacajao calvus; figure 1, number 1), where all parts of the face are virtually the same colour, to faces with a high colour pattern complexity such as those of white-bellied spider monkeys (Ateles belzebuth; figure 1, number 3) where facial parts contain various colours and there is a combination of furred areas and bare skin. While there is striking colour pattern diversity across species, inter-individual facial coloration within species can also exhibit continuous and often more subtle variation in luminance, hue and saturation across some or all facial parts [4] [5] [6] .
For many social animals, including paper wasps, birds and primates, facial colour patterns provide rich sources of information that are essential for social interactions [3, [7] [8] [9] [10] . In primates, facial cues are used to convey signals about identity, behaviour and condition [4, [11] [12] [13] [14] . Facial colour patterns are hypothesized to be primarily used by primates to assess species identity [9, 15, 16] , while intraspecific variation and polymorphisms in the coloration and shape of facial features appear most important for assessment of individual identity and condition [4] [5] [6] [12] [13] [14] . Thus, faces are hypothesized to fulfil two functional roles with regard to recognition [3] : class-level recognition, where receivers match the signaller's phenotype to an internal template associated with different classes (in this case, species); and 'true' individual recognition, where the receiver learns the signaller's individually distinctive characteristics and associates them with individual-specific information about the signaller.
Given the importance of faces for communication in social species such as primates, it seems reasonable to assume that selection has played a role in shaping both interspecific and intraspecific distinctiveness in facial colour patterns, although the drivers of interspecific diversity and intraspecific variation in facial coloration may differ. For example, the relative abundance of conspecifics or the presence of heterospecifics may create pressures on distinctiveness in facial colour patterns among species to facilitate species recognition and avoid interbreeding. Other characteristics of the social system (e.g. migration pattern, hierarchy, sex ratios, etc.) may create pressures for variation in coloration within a species, as long as individuals benefit from being identified and having their behavioural tendencies and personal history known by others [3, 17] .
What characteristics provide distinct facial signals that allow for species or individual recognition? Facial distinctiveness may evolve through selection on contrasting colour patterns that maximize the potential for facial differences across species and high levels of variation within species. Distinct faces may be also be achieved through the evolution of other morphological traits, including variation in the size and shape of hair tufts, switches in colour and intensity, etc. Facial colour pattern complexity, however, combines many discrete features that describe facial coloration as a whole, and thus integrates multiple signals that could function in conveying species identity. Biologists have proposed that social functions are the primary drivers of the evolution of primate facial colour patterns across species [1, 18] , and that variation within species is consistent with a behavioural drive model of evolution. This model predicts that behaviours initiate evolutionary shifts in morphology, physiology or ecology [19 -21] . Behavioural pressures have been invoked to explain the evolution of the facial musculature [22] and red skin [4, 23] in non-human primates. Along with behavioural pressures, ecological pressures that drive adaptive evolution in mammalian coat colour, such as regulation of physiological processes and concealment from predators [1, 2, 24] , may also drive the evolution of facial differences across species.
Despite these predictions, little is known about how behavioural and ecological factors interact to shape the diversity in colour pattern complexity of primate faces (figure 1). Here, for the first time, we investigate the long-standing paradigm [1, 18] that sociality explains interspecific differences in primate external facial traits (facial colour pattern). We focus on the highly diverse and geographically restricted radiation of Neotropical primates (Platyrrhini; 199 species [25] ) and predict that facial colour pattern complexity evolves in response to selective pressures for either species recognition or individual recognition. We consider two contrasting scenarios for this relationship. (i) Individual recognition hypothesis: first, it is possible that facial colour patterns evolved to be more complex in species with larger groups, as more complex faces would provide a template in which parts can vary and evolve independently, facilitating individual recognition. Socially relevant variation in the colour of individual facial parts has been reported in Old World primates, such as mandrills and drills [5, 26] .
(ii) Species recognition hypothesis: alternatively, species living in small groups or that are solitary may have evolved more complex facial colour patterns to produce contrasting coloration that would facilitate targeting and identifying conspecifics. By being more conspicuous, these complex facial patterns would facilitate species recognition, especially for species in which individuals meet sporadically or only for mating, and are thus more dispersed across their habitat [1] . Complementing this scenario, species living in large groups would be expected to experience either relaxed selection on facial colour pattern complexity or selection for reduced pattern complexity, as simple facial patterns may be advantageous for more effective communication through facial expressions at close range [27] . Recent findings of computer simulation studies [28] highlight this possibility. If differences in complexity in facial colour patterns allow for distinctiveness and species recognition, then we also expect high complexity to evolve in species at high risk of interbreeding with closely related species owing to sympatry. More complex faces in these species would present more parts, or modules [29] , that could evolve independently to generate facial differences among sympatric species to aid in selecting a conspecific mate from an environment full of heterospecific distracters. Alternately, the selective pressures on facial recognition may be broader in nature, and sympatry with an increased number of any primate species within the same family may be enough to drive facial colour pattern diversity.
Ecological factors might also explain patterns of facial colour pattern complexity. In this case, facial colour patterns would be the result of selective pressures on functions such as thermoregulation, reduction of solar glare and concealment from predators [2] . We test two ecogeographical rules that may influence facial colour pattern. First, we test Gloger's rule, which predicts that darker colours will be associated with forested habitats where light conditions are low and humidity is high [30] . Second, we explore the idea that dark regions around the eyes, or 'eye masks', are adaptive in species exposed to high solar glare [31] . Additionally, we test another aspect of interspecific facial variation by assessing the 'hair rule', which predicts that longer and thicker hair will be associated with colder areas [32] .
Another hypothesis proposed to explain the evolution of primate coloration is the metachromism hypothesis, suggested by Hershkovitz [33] in 1968 based on his studies of body coloration in saddle-back tamarins. This hypothesis presents another alternative, non-adaptive explanation for primate facial coloration where lineages are expected to exhibit a predictable, linear and irreversible sequence of colour changes through time and across species, although the exact evolutionary mechanism for this change is not explained. Starting with the ancestral condition of agouti banding, the hair may progressively saturate following one of the two pathways: (i) eumelanic saturation leading to black hair or (ii) phaeomelanic saturation leading to red hair. Upon saturation, each pathway is followed by a bleaching process that ultimately results in hair totally devoid of pigment (electronic supplementary material, figure S1 ). We evaluate the metachromism hypothesis for the first time at a broad phylogenetic scale.
METHODS
(a) Facial morphology External facial morphology of Neotropical primate species (n ¼ 129) was quantified from photographs of adult males gathered from the All the World's Primates database (http:// www.awpdb.com), ARKive (http://www.arkive.org) and Primate Info Net (http://pin.primate.wisc.edu/). We limited the photographs to adult males in order to standardize across species in terms of sex and age class. With a few exceptions, adult male and female Neotropical primates have the same facial coloration patterns [34] . Samples included two to ten photographs per species, and only high-resolution close-ups taken under good light conditions. Photographs of individuals facing the camera were preferred, but profile shots were also used when frontal shots were not sufficient to fully assess facial characteristics. For species that presented polymorphisms, one of the morphs was chosen at random. Our results did not differ significantly when other morphs within a species were used for analyses, and facial pattern complexity values did not vary significantly across alternative pictures of species within a subset of 10 randomly selected species (n ¼ 10 different pictures per species, average coefficient of variation ¼ 0.096, min ¼ 0, max ¼ 0.28). All categorizations were made by one observer (S.E.S.), and these were not significantly different from those assigned by naïve observers (e.g. facial colour pattern complexity: paired t-test: t ¼ 0.232, p ¼ 0.826, n ¼ 6 observers). Facial colour patterns were quantified in following ways.
(i) Colour pattern complexity Faces were divided into 14 areas, spanning the diversity in colour patterns across New World primate species (figure 2b).
For each area, we recorded (i) its hair colour: bleached (hair with no pigment), agouti (banded hair), black/brown or red/ yellow, each of which could be light, medium or dark; and (ii) its skin colour: depigmented (skin without pigment), hypervascularized (red skin), mottled (depigmented skin with very small pigmented patches) and hyperpigmented (dark skin).
Reference colours for this scale are shown in the electronic supplementary material, table S1. This scale comprises the variation in facial colours observed across all the species studied. From these data, we produced a measure of facial colour pattern complexity for each species (i.e. the total number of uniquely different colour areas on the face; data available upon request). For example, Cebus capucinus (shown in figure 2 ) has a facial colour pattern complexity score of 3; the colour categories found across the 14 facial regions are black hair, light yellow hair and depigmented skin.
(ii) Pigmentation of skin and hair, and hair length across facial regions Areas defined in figure 2b that covaried in colour in more than 50 per cent of species were grouped into larger regions (figure 2c). Each region was coded according to the predominant (greater than 90% of the region) pigmentation of the hair
very long hair; regions with hairs of variable length were scored by the greatest hair length in that region). Hair and skin coloration, and hair length in each facial region and species, were coded using the continuous scale shown in the electronic supplementary material, table S2. The continuous scale for facial pigmentation was built by arranging most of the colours sampled in step (i) in the order of decreasing brightness. This allowed us generate a continuous metric that approximated the degree of pigmentation of facial regions and could be related to continuous ecological factors.
(iii) Metachromic pathway The metachromic sequence of hair-coloration change [33] was also used to describe trends in facial coloration and test the null hypothesis of non-adaptive change. For this purpose, facial regions (same as shown in figure 2b ) were scored following Hershkovitz's scale [33] (electronic supplementary material, figure S1 ; 0 ¼ agouti, [38] , were used to test for evolutionary relationships among facial, social and ecological variables. Facial traits (colour pattern complexity, pigmentation and hair length) across facial regions were used as response variables, whereas social (group size) and ecological variables (species sympatry and geographical distribution) were the predictor variables. Both social and ecological predictor variables were introduced in the model simultaneously. For variables that were significantly correlated with latitude and longitude, we used their residuals from a regression on latitude and/or longitude. To test the hypothesis that evolutionary changes in the coloration of facial regions are not adaptive but follow the metachromic progression proposed by Hershkovitz [33] , we conducted maximum-likelihood ancestral state reconstructions (ASRs) of colour traits for each facial region (figure 2c). These ASRs were performed using a Brownian motion model with equal transition rates across all characters (i.e. all changes across character states equally likely), and compared with an ASR where the transition rates were restricted to the plausible changes according to Hershkovitz's model. These ASRs used a matrix that enforced changes from the 'ancestral' agouti coloration to white colour through either the eumelanic or phaeomelanic pathways, with no reversals allowed (electronic supplementary material, figure S1 ). Log-likelihoods between the two ASR were compared using a likelihood-ratio test. Phylogenetic analyses were conducted using functions in the APE, GEIGER and NMLE packages in R (R Core Development Team).
RESULTS
(a) Facial colour pattern complexity, sociality and species recognition We found evidence for an evolutionary relationship between sociality and facial colour pattern complexity across Neotropical primates. Species living in smaller groups tended to have faces with more complex patterns than species living in large groups (PGLS, b ¼ 20.0312 + 0.0147, t ¼ 22.129, d.f. ¼ 54, p ¼ 0.038). Our results further supported the prediction that facial colour pattern complexity Adaptive evolution of facial patterns S. E. Santana et al. 2207 was related to species recognition: facial patterns were more complex in species experiencing a higher number of sympatric congener species, independent of group size (PGLS, b ¼ 0.1344 + 0.0632, t ¼ 2.126, d.f. ¼ 54, p ¼ 0.038). In contrast, we found no significant relationship between facial colour pattern complexity and the number of sympatric species at the family or parvorder levels. The number of sympatric species was well predicted by latitude at the parvorder level (Platyrrhini), reflecting the pattern of increasing biodiversity in the tropics [39] , but this trend was not observed at the genus level (p ¼ 0.609). Colour pattern complexity of faces was not related to the geographical distribution of the species (PGLS, P latitude ¼ 0.909, P longitude ¼ 0.319).
(b) Facial pigmentation and ecology Interspecific differences in pigmentation and hair length across facial regions were poorly explained by sociality. However, we found strong evidence that ecological factors have shaped the evolution of these traits. Continuous descriptors of facial coloration and hair length across several facial regions (figure 2c) were strongly predicted by variables describing the geographical distribution of species (c) Metachromism Our data did not support the metachromism hypothesis (electronic supplementary material, figure S1 ) as a general explanation of facial coloration in Neotropical primates. Using ASRs, we found much higher support for a model assuming no constraints in colour change across all facial regions (crown, forehead, eye mask, nose -mouth and face margin, all p , 0.0001; electronic supplementary material, table S6) over the metachromic model assuming a predictable sequence of pigment saturation and desaturation [33] .
DISCUSSION
The evolution of complex phenotypes, such as the colour patterns in the primate face, is the result of the interplay among functional, developmental and genetic factors acting on the different parts [40] . Sociality is widely assumed to be one of the primary functional drivers of colour pattern complexity in primate faces, although the link has never been explicitly tested through comparative studies. Our results indicate a strong evolutionary relationship between facial colour pattern complexity and group size, and between facial pigmentation and ecology in Neotropical primates. Species living in small groups have more complex colour patterns in their faces than those living in large groups. This result highlights the possibility that living in small groups promotes the evolution of complex colour patterns via selection for conspicuousness to conspecifics. Because social interactions are less frequent in species living in small groups or that are solitary [41] , highly complex colour patterns could provide visual cues that would allow individuals to more easily target and identify conspecifics in their habitat.
(a) The role of facial colour patterns in sociality and species recognition Primates often use colours and patterns instead of information directly derived from social interactions to assess the identity, status, dominance rank and sexual condition of individuals [4, 26, 42] . Lower facial colour pattern complexity in species living in larger groups might be the product of relaxed selection on this trait, high reliance on facial expressions, or both. In larger groups, more subtle intraspecific variation in facial traits (e.g. variation in size of and distances among facial structures, or colour intensity of patches) could be of importance for recognizing individuals within groups. In non-human anthropoids, the variety of facial movements species produce is positively correlated with group size [27] . The more simple faces found in platyrrhines living in larger groups may also be a consequence of selection for traits that allow for more effective communication using facial movements, including facial expressions during conflicts and other interactions at close range. Although quantitative data on facial movements in New World primates are scarce, species with relatively low facial colour pattern complexity in our dataset (e.g. Alouatta caraya; figure 1, number 4) have been reported to have high scores in metrics of facial mobility [27] . Because sociality is associated with increases in the number of facial muscles [22, 43] , our results highlight the possibility of an inverse relationship between colour pattern complexity and muscular facial complexity in response to social pressures.
Comparative and experimental studies are needed to verify if and how external facial morphology relates to communication through facial expressions, and the potential trade-offs between these two traits across primates. The positive relationship found between an increased number of species in congeneric sympatry and the complexity of facial colour patterns further indicates selection for species-specific colour patterns that would facilitate species recognition. In many ecological communities, character displacement allows species recognition and prevents hybridization [44, 45] . This process could be a mechanism underlying the changes within individual facial regions, ultimately leading to differences in colour pattern complexity among sympatric species. We propose that, within the highly diverse social communities of platyrrhines, the evolution of higher colour pattern complexity may be enabled by an increase in the number of underlying evolutionary modules [29] . Higher levels of modularity may provide more parts that can evolve independently to differentiate species, reduce interbreeding and promote higher degrees of diversity [29, 46] . Studies of the integration among these modules could provide further insights about their functional roles and their relation with underlying gene networks.
The radiation of platyrrhines seems to have been accompanied by multiple transitions in the complexity of facial colour patterns ( figure 1 ). The function of facial colour pattern complexity in social interactions is particularly relevant for species that rely primarily on visual communication. Variation in the ability to perceive colours, as well as the use of other types of communication, may confound the relationship between sociality and facial colour pattern complexity. Platyrrhines are diverse in their ability to perceive colours; owl monkeys (Aotidae) have monochromatic vision, howler monkeys (Alouatta spp.) have routinely trichromatic vision, and most of the rest of the genera are known to be polymorphic for trichromatism, with males being dichromatic and females di-or trichromatic [23] . Although we have not found significant relationships between these broad vision types and facial colour pattern complexity (results not shown), two main types of information are critically needed to incorporate the potential role of visual systems in the evolution of facial colour patterns. The first is the integration of detailed information on the visual system of Neotropical primates [47] [48] [49] [50] with metrics of the visual environment experienced by species. These data may help elucidate if other environmental factors not measured here have also influenced the evolution of facial colour pattern complexity. For example, some environments that favour large group sizes or high sympatry may also favour the ability of individuals to perceive facial patterns, hence causing a correlation. The second type of information is the use of systematic approaches to data collection on variation in primate facial coloration in the field, captivity and museum collections, especially because species descriptions do not always reflect the true colour variation observed within or among taxa [1] . Our colour pattern classifications provide a first approach to quantifying the complex morphology of primate faces and set the stage for future work incorporating information about the primate visual system and their visual environment.
(b) Facial diversity and ecology Many-to-one mapping of form to function is an emergent property of complex systems that promotes the evolution of diversity [51] . Because similar levels of colour pattern complexity can be achieved through different colour combinations across facial regions, the primate face may be an example of many-to-one mapping of facial morphology, social and ecological functions. This could explain why colour pattern complexity was not related to the geographical distribution of species. Nevertheless, ecogeographical rules that may reflect adaptations to local conditions were validated by our results for several facial regions. Darker eye masks have evolved towards the Equator, and these might function in Adaptive evolution of facial patterns S. E. Santana et al. 2209 glare reduction in habitats with higher UV incidence, a phenomenon that has also been observed in carnivorans [31] and birds [52] . Darker facial regions in warmer and more humid areas support Gloger's rule [30] , in which darker, melanin-based colours may reduce predation pressure by making individuals more cryptic [53] , protect against UV radiation [2] , facilitate thermoregulation [54] and increase resistance against pathogens [55] . A recent study by Kamilar & Bradley [56] has also found support for Gloger's rule for the dorsal body pelage in tropical primates, with increasing pelage darkness being significantly related to increasing levels of evapotranspiration. Finally, increases in facial hair length in temperate regions provide support for another, less-studied ecogeographical rule: the 'hair rule', which predicts that mammals will have longer and thicker hair as thermoregulation requirements increase in colder areas [32] . Because the ecogeographical rules described above are met by some but not all facial regions, the trends observed in primate faces potentially reflect conflicts in selective pressures among physiological, ecological and social functions.
(c) Re-evaluating the metachromism and behavioural drive hypotheses Studies of the genetics underlying colour changes across mammals [57] indicate that point mutations can lead to changes in the distribution of eumelanin and pheomelanin, and dramatic differences in hair coloration. This current understanding of the genetics of pigmentation, along with the results presented here and by other genus-level studies [58, 59] , sharply contrasts with the irreversible pathways proposed by the metachromism hypothesis. Although the agouti banding pattern seems to be the primitive condition for mammalian hair [2] , and the evolutionary sequence of colour changes fits the metrachromism model in the Neotropical genus Saguinus [60] , this non-adaptive hypothesis does not constitute a general principle for Neotropical primates.
Researchers have long suspected that social traits are key drivers of the high morphological diversity of primate faces [1, 18] . Although frequently invoked, behavioural and ecological explanations for complex phenotypes are seldom tested fully. We have provided support for a long-standing adaptationist paradigm by identifying a significant evolutionary relationship among sociality, ecology and morphological traits in the context of the Neotropical primate radiation. Understanding whether there are reverse evolutionary trends between external and muscular facial complexity, and whether similar social and ecological factors have served to foster the facial diversity of other mammals, await the collection and analysis of additional quantitative social, ecological and morphological data. We propose, however, that applying similar approaches to those outlined here has the potential to elucidate the drivers of facial diversity across other species that rely on facial cues for communication.
